Introduction
3-Methylcyclohex-2-enones (1; R, R' = H, Me) readily undergo base-catalyzed self-condensation to di-or trimeric products, the structures o f which depend on the reaction conditions. Hydroxyketones 2 of the tricyclo [7. 3.1.02-7]tridecane ringsystem ("diisophorones") arise by successive M i chael and aldol condensations under the influence o f strong alkali [1] or alkoxides [2] , while saturated spiro-diketones o f type 3 are the product o f two successive Michael reactions occurring predom i nantly under the more restrained action o f sodamide [1, 3] . The form ation of both dim erization products 2 and 3 side by side by the action of solid potassium (but not sodium) hydroxide in aprotic solvents has been claimed in the patent literature [4] . There is evidence that corresponding com pounds of the two ring systems are reversibly inter convertible, and that the form ation of the spirodiketones 3 precedes that of the more stable ketols 2 [1, 3] . The more drastic action o f alkalis converts 1, by trimerization and sim ultaneous dehydration, to the pentacyclic ring system 5, which retains the carbon skeleton o f 2 [5] , O ther modes of self-con densation of 1 include their conversion, by the ac tion of metallic lithium into linear reduced dimers of type 4 [1] , and their free-radical photodimerization to the condensed tricyclic systems 6 a, b [6] ,
The foregoing single-operation processes clearly provide convenient access to complex ring systems * Reprint requests to Dr. F. Kurzer.
Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen 0932 -0776/91 /1100 -1549/$ 01.00/0 R 4 5 6 b : Ring C reversed that are otherwise obtainable, if at all, only by la borious multi-stage syntheses. In this way, ketols o f type 2, readily produced from 1, have proved versatile starting materials for the study of a wide range of tricyclo [7.3.1.02-7] tridecanes [7] . The spirodiketones 3, obtained by the alternative dim er ization process, provide a convenient point of entry to the bicyclo[2.2.2]octane-2-spirocyclohexane ring-system, which forms the subject of the present reports.
Results and Discussion
The sodamide-catalyzed self-condensation of 3-methylcyclohex-2-enones 1 to saturated dike tones, originally observed by Ruzicka [8] , was first studied systematically by Büchi and his co workers [3] with the object of determining the as yet uncertain structure of the dimeric products. On the assum ption that the dimerization involves two Michael additions, and that none but six-membered rings are formed, the spiro-structure 3 was established by a careful investigation on classical lines of the dimer arising from the parent 3-methylcyclohex-2-enone (1, R = R' = H). Both this form ulation and the essential features of the proposed reaction mechanism, including the rever sibility of its stages, were tacitly endorsed and elaborated in a subsequent contribution by Morizur et al. [1] . We now report the unequivocal con firmation, independent of any assumptions, of the bicyclo[2.2.2]octane-2-spirocyclohexane structure 3 of the com pounds concerned, by an examination of two key-members o f this series (3 a, 8) by the two-dimensional 13C N M R spectral (IN A D E QUATE) technique, and describe further investi gations o f this ring-system in this and subsequent papers.
4'
A Nomenclature: For use in general discussion, a simplified method of naming compounds of the present series is proposed in order to avoid the in conveniently long names o f the official nom encla ture [9] . In our concise system, the parent hydro carbon 4,5',5',7,7-pentamethylbieyclo[2.2.2]octane-2-spirocyclohexane (A) is designated "spirodiisophorane"; the conventional numbering is retained, and functional groups referred to by the estab lished rules, providing a succinct unambiguous name for each compound. F or the purpose of in dexing and data-retrieval, full systematic names of selected key-compounds are exemplified in the Ex perimental part in this and subsequent papers. It is recalled that the use of the term "diisophorane" simplified the nom enclature of the isomeric 5,5,9,11,1 l-pentamethyltricyclo [7.3.1.02-7] tridecanes (e.g. 2 [10] ) and analogues [11] in a similar way.
Production:
The individual monomeric homologues 1 differ from one another in their suscepti bility to dimerize preferentially to the diketone 3 [1, 3] . A lthough isophorone (1, R = R' = Me) is inferior in this respect to its lower homologues, it was our com pound of choice because of its ready availability, and the absence of potential confor m ational com plications inherent in the use of the 5-m onomethyl-homologue leading to conformer pairs (3; R = Me, R' = H or vice versa [3, 12] ). In our repeated preparation of the diketone 3 a as the ultimate source o f com pounds of this series, an a t tempt was made to optimize the yields by syste matically varying the experimental parameters. The desired dimerization is favoured by mild con ditions: the improved procedure affording consist ent yields o f 3 a free from the isomeric ketol 2 a, with benzene as the medium, employs ambient tem peratures, the shortest possible reaction times, and reduced proportions of sodamide (see Experi mental).
On treatm ent with ketonic reagents, the 3',6-dione 3 a formed m onosubstitution products (7 a -g ) exclusively, regardless of the excess of the reagent employed. The action of up to 5 moles of hydroxylamine, for example, gave the monoxime 7 a as the sole product, and corresponding obser vations were made in producing the hydrazones 7 c -g . D erivatization occurs in the cyclohexanonering at C-3', as is shown by the following 13C N M R spectral evidence: On passing from the parent dike tone 3 a to its mono-oxime 7 a (or 7 b), as well as the hydrazone 7e, the three methylene triplets of the bicyclo[2. retain their resonances practically un changed, while carbon atom s C-2' and C-4' of the cyclohexane ring are substantially shielded; com parable displacements have been observed in the case o f cyclohexanone and its oxime [13, 14] . M oreover, the chemical shift of the C-l doublet re mains unaffected: derivatization at the adjacent C-6 position would presumably have exerted some shielding.
The impaired reactivity of the 6-keto-group in this and other reactions [15] is attributable, at least in part, to the operation o f steric hindrance [16] , especially that exerted by the proximate 7,7-dimethyl-group. This surmise is in accord with the fact, that the 7-monomethyl-homologue 3 b also Table I .
Carbon connectivities of compounds 3a and 8 from two-dimensional 13 C NMR spectra .
General pattern of carbon connectivities and signal multiplicities . yields a mono-2,4-dinitrophenylhydrazone, but the parent diketone 3 c, lacking both com ponents of the gem-dimethyl-group, is capable of forming a bis-2,4-dinitrophenylhydrazone [3] . Treatm ent of the sulphonylhydrazones 7f, g with pyruvic acid [17] or with acetylacetone [18] regenerated the p ar ent diketone 3 a nearly quantitatively.
Carbon 13C NMR Spectra
Direct and unequivocal evidence in support of the structure of the carbon skeleton A of the pres ent dimerization products was obtained by twodimensional 13C N M R measurements by the IN A D EQ U A TE technique [19] . The numerical data presented in Table I display the carbon connectivi ties and signal multiplicities for two prototypes of the series, viz. the parent diketone 3 a and the ketol 8 obtained therefrom by reduction [15] : they dem onstrate the presence of two spirane-linked sixmembered alicyclic rings. One of these, bearing a keto (or hydroxy) function and a gem-dimethyl group, each in position meta to the spiro-centre, corresponds to the cyclohexane ring. The other six-membered ring gives rise to signals (in both 3 a and 8), the multiplicities of which indicate addi tional but unspecified single bonding from (i) the carbon adjacent to the spiro-link and (ii) from a projecting methylene-group in />ara-position there to (see Table I ), i.e. C -l, C-5 in the final structure; if joined through a carbonyl-group (inaccessible to the two-dimensional spectral measurements), the bicyclo[2.2.2]octane part o f the molecule is com pleted. The assignments obtained by this method serve as the basis for interpreting the l3C N M R spectra of com pounds of this group as a whole, and thence for establishing correlations between structures and spectra in this ring system [15] ,
The two keto-carbon singlets (of 3 a) cannot be distinguished either by the IN A D EQ U A TE proce dure, or by reference to precedents, since ketoshieldings in the isolated cyclohexanone [13] and bicyclo[2.2.2]octan-2-one [20] structure are almost identical ((5, 212.0 and 212.8 ppm respectively). They are here differentiated by the substantial dis placements o f the higher-field signal (209.6 ppm) on m onoderivatization (of 3 a) by ketonic reagents and the near-constancy of the lower-field signal (at ca. 213 ppm throughout). Since derivatization oc curs at C-3' (see above), the movable higher-field signal (<S, 209.6 ppm in 3 a) is assigned to this centre.
The numerical values of the chemical shifts thus determined are in good general agreement with fig ures that have been established for the com ponent parts of the present spirane structures. Thus, the shieldings of the singlets of the carbonyl-carbons, and of the carbon atoms bearing gem-dimethyl groups match those in the model structures B -G [13, [20] [21] [22] [23] . These prototypes show further that the triplet o f the methylene carbons in unsubstitut ed cyclohexane (3, 27.7 ppm [24] ) is displaced downfield by the /^-effect [25] of an adjacent gemdimethyl substituent (see B, C), and by a similar am ount by an electron-attracting keto-group (see D). These effects clearly operate to a comparable extent in the spiro-structures 3a, 8: In their cyclohexane-moiety, the shielding o f C-6' approaches that of the closely comparable C-2 centre in B, while C-2' and C-4' (in 3a) produce triplets (<S, 53.5, 54.0 ppm), the displacement o f which (from 27.7 ppm) is accountable by the combined additive effect of the adjacent gem-dimethyl-and carbonylgroups. The somewhat diminished influence of the 3'-hydroxy-group in the ketol 8 is likewise in ac cord with relevant precedents (see E).
For the bicyclo[2.2.2]nonane moiety, strictly comparable reference spectra appear to be lacking (see F, G), but the foregoing interpretation is broadly applicable to account for the observed shieldings. Attention is drawn to the closely spaced quartets of its 7-gem-dimethyl group, in accord with the equivalent spatial position of the constitu ent methyl substituents. In contrast, the com po nents of the 5'-gem-dimethyl group produce more widely separated quartets, the lower-field signal being assigned to the equatorial group, as has been established in reference structures [24, 26] , The l3C N M R spectra of the ketonic derivatives (7 a, b, e; Table II) resemble that o f the parent ke tone 3 a in all respects except at and adjacent to the centre of the substitution: the 3'-keto-singlet gives way to one at higher field in the range of oximes and hydrazones [14, 27] , while the adjacent car bons (C-2', C-4') are shielded due to the lower electron-withdrawing power of the -C = N -entity. The spectrum of the oxime 7 a showed it to consist of a mixture, non-separable by crystallization, o f two isomers in the approximate ratio 3:1, regarded as the syn-and ««//-forms of the derivative; its very closely spaced pairs of 13C N M R signals across the whole spectrum (see Table II ) excludes the possi bility of their being position isomers. The acetate 7 b prepared from 7 a is sterically homogeneous and corresponds presumably to the major constit uent.
Stereochemical aspects: Although the two-di mensional ,3C N M R spectra leave no doubt about the structure of the carbon skeleton of the spirodiisophorone molecule A, the presence of substit uents introduces steric options that are not re solved by this approach. In the dimerization proc ess (1 -> 3), the first Michael condensation yields the interm ediate H which in the second Michael stage is joined intram olecularly at its C-2' and C-3 (asterisked) positions, giving 3. Reference to m o lecular (Dreiding) models shows that the approach o f C-2' o f ring C (in its flexible boat conform ation) to C-3 of ring A may occur from the "front" or "rear" face of ring A, resulting in the syn-or anti form o f the spirodiketone. Büchi [3] has adduced strong arguments in favour of the an ^'-configura tion, with its keto-groups remote from one anoth er, which is here adopted. The original representa tion of the parent diketone (K, L [3] ) is superseded by the perspective form ulae M, N for the present homologues; they approach more closely, though not perfectly, the true three-dimensional pattern. Illustrations of the m olecular model (M) viewed from different angles are given in Figs. 1 and 2 .
In the adopted structure M, the bonds of the central spirane-carbon C-2 subtend two planes at right angles to one another [28] , but flexibility is retained in both constituent ring-systems: The bicyclo[2.2.2]octane moiety, consisting of unstrained boat conform ations, is capable of undergoing lat eral twist about the C -l-C -4 axis (up to ca. 10°) from the fully into a partially eclipsed conform a tion [29] . The cyclohexane ring may, by conform a tional isomerization, assume two chair conform a tions (e.g. in 8), somewhat flattened in the cyclohexanone ring (in M). The actual shape taken up by any member o f this ring-system will, in accord with the nature o f the substituents, be such as to minimize steric interference and non-bonded inter actions within the molecule. A clarification o f such spatial details may be obtainable by X-ray crystal lographic methods; brom o derivatives that might prove suitable for this purpose will be described in the sequel.
Experimental

General information fo r parts 1 and 2
Melting points are uncorrected. Ultraviolet spectra were recorded (in ethanol) using a PyeUnicam SP 800 spectrophotom eter. Infrared spec tra were measured on a Unicam 1000 instrum ent, using potassium bromide discs. The intensity of the IR peaks is indicated by the abbreviations vs, s, ms, m, mw and w; d denotes doublets; unassigned peaks are not recorded except for selected keycompounds. ,3C N M R spectra were determ ined on a Bruker W M 250 Fourier transform instrum ent equipped with an Aspect 3000 data system, at 62.89 M Hz, with tetramethylsilane as the internal standard.
IN A D EQ U A TE spectra were obtained using saturated solutions of 3 a or 8 in deuteriochloroform (ca. 500 mg/ml), in 10 mm N M R tubes, accu mulation times extending to 64 h [19] . M olecular weights were obtained mass-spectrometrically us ing an AEI MS-902 instrum ent operating at 70 eV.
Light petroleum had b.p. 6 0 -8 0 °C unless oth erwise specified. Pyridine was the anhydrous grade. Isophorone was the " Laboratory Chemi cal" grade exceeding 97% in purity, as was the sodamide, containing 8 0 -9 0 % N aN H 2. A stirred solution of isophorone (276 g, 300 ml, 2 mol) in anhydrous (sodium dried) benzene (350 ml) was rapidly treated at room tem perature with sodamide (50.7 g, 1.3 mol) within ca. 3 min, the temperature of the mixture rising to ca. 50 °C. The resulting deep-red suspension was stirred at room temperature for 40 min and the final warm liquid diluted with ether (250 ml). The remaining sodamide was decomposed by the cautious addi tion of crushed ice (ca. 1 kg, initial vigorous effer vescence), and the mixture acidified by the slow si multaneous addition of concentrated hydrochloric acid (ca. 150 ml) and ice. After addition of more ether (250 ml), the lower aqueous layer was dis carded, the benzene-ether solution washed to neu trality with water (4* 150 ml) and dried with three successive portions o f anhydrous sodium sulphate. After the removal o f the solvents under reduced pressure, the residual dark-red liquid was set aside at -15 °C for several days, the separating m aterial being broken up by stirring from time to time. The resulting mass o f lustrous prisms was collected and rinsed with light petroleum (b.p. 4 0 -6 0 °C, in which 3 a is sparingly soluble), affording a first crop of nearly pure 3a, m .p. 1 1 4 -1 1 5°C (4 4 -50 g, 16-18% ).
The filtrate was freed from solvent under re duced pressure and the unchanged isophorone (ca. 170-180 ml) distilled off in a vacuum not exceed ing 3m m Hg (to avoid decomposition; b.p. 6 9 -7 0 °C/2 mm; 65 °C/1.5 mm Hg). The residual dark-red viscous liquid was transferred while hot to an open vessel and began to crystallize imme diately; on occasional stirring at 0 °C, it set to a semisolid mass: it was crushed in a m ortar, drained on a filter funnel and washed with light petroleum (b.p. 4 0 -6 0 °C). This crude second crop forming faintly yellow prisms (35-40 g, 13-15% ) was crystallized from acetone-light petroleum (b.p. 6 0 -8 0 °C; 1 ml each per g; recovery including sec ond crops, ca. 90%). The remaining m aterial in the final mother liquors was an intractable oily resin. The total yield (2 9 -3 3 % ) approxim ates to double this figure on the basis of the isophorone con sumed.
Recrystallization of the com bined solids from the same solvents gave the spirodiketone 3 a as prisms, m. The same monoxime 7 a was obtained (85%) when a 5 m olar excess o f hydroxylamine hydro chloride was employed and the liquid kept at 100 °C for 2 h; no dioxime was formed.
A cetyl derivative (7 b)
A solution o f 7 a (1.17 g, 4 mmol) in acetic anhy dride (10 ml) was boiled under reflux for 15 min, then stirred into warm w ater (50 ml). The initially oily globules solidified at 0 C and gave, on two crystallizations from ethanol, prisms (0. or toluene-/?-sulphonylhydrazone (7g) (2 mmol) in glacial acetic acid (10 ml) was treated with pyruvic acid (0.88 g, 10 mmol, in 1.5 ml wa ter). After 15m in refluxing, most o f the solvent was removed under reduced pressure, and the re sidual deep-yellow liquid neutralized with 3 M so dium hydroxide. The resulting solidifying precipi tate (70-85% ) gave, on crystallization from ace to n e-lig h t petroleum, platelets (5 8 -6 4 % ) o f 3a, identified by IR.
b)
By acetylacetone: A refluxing solution o f the sulphonylhydrazone 7 f or 7g (2 mmol) in ethanol (10 m l)-acetylacetone (1 ml, 10 mmol) was treated dropwise with 3 M hydrochloric acid (1 ml) during 3 -5 min, and boiling continued for 30 min. Most of the solvent was removed under reduced pressure and the residual deep-yellow liquid stirred into icewater. The precipitated oily globules solidified at 0 °C, and gave on crystallization as above, plate lets of 3a (55-60% ), identified by IR.
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